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E ndoscopic third ventriculostomy (ETV) is now well established as an effective treatment for many children with hydrocephalus. Small and large case series on the procedure are well documented in the medical literature, but a paucity of multicenter prospective data remains. 2, 20 This absence of data has limited our ability to definitively answer important questions about ETV complications and efficacy. Especially lacking are accurate data regarding intraoperative events and the impact such events may have on ETV success. While the ETV Success Score (ETVSS) 15 has helped surgeons predict the success of the procedure based on preoperative factors, the identification of important intraoperative factors may further help surgeons in decision making and perhaps provide insight into the essential technical elements of an optimal ETV.
The Hydrocephalus Clinical Research Network (HCRN), a multicenter North American research collaborative, began in 2007, as part of its core data registry, a prospective study of ETV in children. This involved real-time, contemporaneous collection of data, including intraoperative details. In the current study, we present our first analysis of these data, aiming to answer 2 specific questions about ETV. First, what is the current morbidity, complication incidence, and efficacy of ETV in children treated at tertiary care centers in North America? Second, what are the predictors of successful ETV, and specifically, do intraoperative factors add substantially to established preoperative predictors? 15 Our report specifically excludes children who underwent choroid plexus cauterization (CPC) in addition to ETV.
Methods

Population
All patients were 19 years old or younger with symptomatic hydrocephalus and were treated by pediatric neurosurgeons at specialized centers. During the period of patient accrual for this study, the patients were treated at 1 of 7 HCRN centers: Children's Hospital of Alabama, Birmingham, Alabama; Primary Children's Hospital, Salt Lake City, Utah; Seattle Children's Hospital, Washington; Children's Hospital of Pittsburgh, Pennsylvania; St. Louis Children's Hospital, Missouri; Texas Children's Hospital, Houston, Texas; Hospital for Sick Children, Toronto, Canada (see Appendix for further details regarding the HCRN). Data for all patients undergoing ETV were prospectively collected by the treating surgeons and trained, dedicated research coordinators at each center. For this analysis, procedures in which CPC was performed in addition to ETV were excluded. Data accrual began as early as 2008 at some centers, with a staggered start at other centers. All procedures performed up to June 2013 were included in our analysis to allow for at least 18 months of accurate follow-up to December 31, 2014. Data were stored centrally and securely at the Data Coordinating Center in Salt Lake City, Utah. Standardized audits of data accuracy are performed regularly to ensure data accuracy and timeliness. All data were anonymized, and data collection adhered to local research ethics protocols.
Specific baseline data collected included patient age; etiology of hydrocephalus (defined as aqueductal stenosis, brain tumor [supratentorial, infratentorial, or mid- Specific intraoperative data included duration of surgery; type(s) of endoscope used; degree of intraoperative bleeding (defined as none, mild [did not obstruct view totally], moderate [view totally obstructed but cleared within 2-3 minutes], or severe [took more than 5 minutes to return to a clear working condition]), degree of forniceal injury visualized (defined as follows: could not be assessed; no visible injury with fornix pristine; small, punctate contusions or subpial hemorrhage(s) but ependyma intact; large confluent contusions or subpial hemorrhage but ependyma intact; small breach of ependyma overlying the fornix; or frank tear of the fornix), major arterial injury, venous injury, thalamic contusion, hypothalamic contusion, and whether concurrent biopsy was performed.
Details of the creation of the third ventricle floor fenestration included whether fenestration of the third ventricle was abandoned; method of floor penetration and dilation; whether the third ventricle floor ballooned up after fenestration; whether any residual prepontine membranes were left unopened; if the scope could be guided through the ostomy; if a "naked" basilar artery could be visualized (that is, no residual membranes obstructing the view of the basilar artery); and the surgeon's intraoperative estimate of the diameter of the ostomy.
Endoscopic third ventriculostomy failure was defined as the need for repeat hydrocephalus surgery, as determined by the treating surgeon, with either repeat ETV or CSF shunt placement, or as death related to hydrocephalus management.
The ETVSS was calculated for each patient. 15 This score uses the patient's age, etiology of hydrocephalus, and presence of a previous shunt to provide an estimated chance of ETV success at 6 months, ranging from 0% to 90%. The ETVSS has been independently validated in multiple studies across North America, Europe or the United Kingdom, and elsewhere. 1, 3, 5, 7, 8, 16, 18, 24 In some cases, a definitive etiology for the hydrocephalus could not be identified. Although the ETVSS does include an etiology category for "other," for our analysis, we did not calculate an ETVSS for patients without a clearly defined etiology.
Data on early postoperative complications (up to the time of discharge from the hospital) were collected from early 2011 onwards and so were available on only a subset of the cohort. These data included new neurological deficit, seizure, brain hemorrhage, CSF leak, meningitis, pseudomeningocele, wound infection, and various medical complications (for example, hyponatremia, pneumonia, urinary tract infection, thromboembolic disorder, cardiac complications, and so forth).
statistical analysis
Survival curves were calculated using the Kaplan-Mei-er method for time to first ETV failure. We then tested the following variables to determine predictors of ETV success: the ETVSS (which accounts for the prognostic effects of age, etiology, and previous shunt), concurrent biopsy performed (yes vs no); degree of intraoperative bleeding (moderate to severe bleeding vs other); whether the third ventricle floor ballooned up after fenestration (yes vs no); whether any residual prepontine membranes were left unopened (yes vs no); if the scope could be guided through the ostomy (yes vs no); if a naked basilar artery could be visualized (yes vs no); and an estimate of the diameter of the ostomy (in mm). We conducted 2 types of regression analyses to determine whether these variables were significant predictors of ETV success. First, we performed survival analysis for time to ETV failure, beginning with appropriate univariate survival analysis (log-rank test for binary factors, Cox regression for continuous factors). The proportional-hazards assumption was confirmed for variables as required. Variables that were significant at p < 0.15 were entered into a multivariate Cox regression model. Second, we repeated the univariate and multivariate analyses described above but instead used survival up to 6 months as the outcome. All analyses were performed with SAS statistical software (SAS Institute Inc.).
results
The characteristics of the 336 ETV patients are listed in Table 1 . The median age at ETV was 6.9 years (IQR 1.7-12.6). The most common etiologies were aqueductal stenosis, midbrain tumor or lesion, and posterior fossa tumor. Intraoperative details are presented in Table 2 . The median duration of surgery was 1.1 hours (range 0.3-6 hours). The median estimated diameter of the created ostomy was 5.0 mm (range 1.0-10.0 mm).
Severe intraoperative injuries were rare ( Table 2) , but some degree of visible forniceal injury was relatively common (53 cases [16.6%] ). Details of the third ventricle floor fenestration are shown in Table 3 . Ommaya reservoirs were used in 27 (8.7%) of 311 cases with available information.
Information on postoperative complications was available in a subset of 204 patients ( Table 4 ). The most common complications were CSF leak, hyponatremia, and pseudomeningocele.
During follow-up, 141 patients had documented failure of their ETV requiring repeat hydrocephalus surgery. Kaplan-Meier rates of 30-day, 90-day, 6-month, 1-year, and 2-year failure-free survival were 73.7%, 66.7%, 64.8%, 61.7%, and 57.8%, respectively. Figure 1 shows the Kaplan-Meier survival curve for time to first ETV failure.
The ETVSS was determined for 334 patients, as an accurate etiology of hydrocephalus could not be defined in 2 patients. Among these 334 patients, the observed 6-month Kaplan-Meier success rate of 64.5% was 10% less than the average ETVSS of 74.8%, which represents the predicted 6-month ETV success rate based on baseline patient prognostic factors.
In univariate survival analyses, the following 2 variables had associations with ETV success with a p < 0.15: ETVSS (p < 0.001, Cox regression) and ability to view a naked basilar artery (p = 0.013, log-rank test). When these 2 variables were entered into a multivariate Cox regression analysis, both remained significant. For ETVSS, the estimated relative risk of failure decreased by 21% for a patient with a score 10 points higher than another (HR 0.79, 95% CI 0.70-0.89, p < 0.001), while the estimated risk of failure was one-half for a patient in whom a naked basilar artery was visualized versus not (HR 0.50, 95% CI 0.28-0.91, p = 0.023).
The results were very similar when using survival analysis to determine predictors of ETV success at 6 months. In univariate analyses, the following had associations with p < 0.15: ETVSS (p < 0.001), ability to view a naked basilar artery (p = 0.022), and estimated size of the ostomy (p = 0.049). Kaplan-Meier 6-month success rates for these factors are shown in Table 5 . When all 3 variables were entered into a multivariate Cox regression analysis, only ETVSS (HR for 10-point increase 0.79, 95% CI 0.69-0.90, p < 0.001) and ability to view a naked basilar artery (HR 0.49, 95% CI 0.26-0.95, p = 0.035) remained significant.
Discussion
The results of this study represent the largest prospective multicenter experience with ETV in North America to date. We have shown that serious complications from ETV are low when the procedure is performed at centers with experienced practitioners (< 2% incidence of new neurological deficit or meningitis) and that the ETVSS is the strongest predictor of ETV success. We also found that visualization of a naked basilar artery was independently associated with ETV success. The unique major strengths of this study compared with studies reported in the literature include the detailed, prospective, contemporaneous collection of intraoperative data, the relatively large sample size, and the involvement of multiple centers. These strengths increase both the internal and external validity of our results.
Recently, Bouras and Sgouros reviewed the literature to estimate ETV complications based on published case series. 2 They included data from 2985 ETVs from 34 series, which represents a wide range of practice settings contributing to their summary estimates. In distinction, our series was limited to select North American academic centers. However, the vigilance of complication reporting and com-plication definitions varied widely among the 34 series they included, whereas we had contemporaneously collected intraoperative data on individual patients and standard a priori definitions of complications. Therefore, our results may provide a more accurate assessment of the true incidence of ETV complications, although the applicability of our results to other practice settings may be more limited. Compared with the results of Bouras and Sgouros, our findings indicated higher rates of intraoperative bleeding (6.0% moderate or severe bleeding compared with 3.7% "considerable intraoperative bleeding" 2 ), but the rate of major arterial injury was similar (0.3% compared with 0.2%). This result is probably attributable to our ability to more carefully document less severe intraoperative bleeding episodes. It also explains why our data demonstrate much higher rates of forniceal (16.6%), hypothalamic (1.5%), and thalamic (1.8%) injury than did the data of Bouras and Sgouros, who reported a combined incidence of only 0.24%. The relatively high rate of forniceal injury, in particular, is a novel finding of our study. Although virtually all such injuries resulted in no obvious postoperative deficit, we cannot exclude the possibility that these injuries may adversely, albeit subtly, affect cognitive function. This matter should be a focus of further work. With respect to clinically relevant postoperative complications, our incidence of meningitis (1.5%) was similar to that in the Bouras and Sgouros study (1.8%), but we noted a higher incidence of CSF leak (4.4% vs 1.6%) and a lower incidence of permanent neurological deficit (0.5% vs 1.4%).
Predicting ETV success is important in helping to select appropriate candidates for the procedure and to counsel families about the merits of ETV relative to shunting. 13, 14 The ETVSS has been shown to predict, with reasonable accuracy, the chances of ETV success using only preoperative data (patient age, etiology of hydrocephalus, and history of a previous shunt) 15 and has been independently validated in many settings around the world. 1, 3, 5, 7, 8, 16, 18, 24 Other means of predicting ETV success have also been postulated, including preoperative predictors, 1 radiological predictors, 6 and intraoperative predictors. 9 We found, on univariate analysis only, that a larger ostomy size and the presence of a naked basilar artery were predictive of 6-month ETV success. On multivariate analyses, however, only the ETVSS and a naked basilar artery remained as significant predictors. We note that Kombogiorgas and Sgouros did not find any intraoperative predictors of ETV success in a small sample of 33 patients in whom operative videos were reviewed. 10 Despite this, however, it is possible that some other intraoperative predictors exist beyond visualization of the naked basilar artery (especially since the trend shown in Table 5 for ostomy size is compelling), but the limitations of our study obscured our ability to detect them. For example, we did not establish the degree of interobserver reliability in our intraoperative variables, for example, a surgeon's estimate of ostomy size, the presence of residual prepontine membranes, or ballooning of the third ventricle floor. All of these are fairly subjective, and any lack of reliability in measuring these variables would attenuate the true relationship that may exist with ETV success. Moreover, we did not include as one of our variables the presence of pulsations at the third ventricle floor after ETV completion, as had been suggested by Greenfield et al. 9 Instead, we tried to capture the concept of this variable, that is, the assessment of flow through the ostomy, by looking for any ballooning of the third ventricle floor after ostomy creation. Another limitation is the relative lack of heterogeneity in some of our intraoperative variables. For example, in fewer than 10% of patients a scope could not be guided through the ostomy. In only about 20% were there residual prepontine membranes or a third ventricle floor that did not balloon up after ostomy creation. The relatively low incidence of these events is probably attributable to selecting patients with anatomy most favorable for ETV combined with the experience of the surgeons involved, all of whom are fulltime pediatric neurosurgeons at fellowship training centers. Regardless, it can be difficult to identify, for variables with such little heterogeneity, a true association with outcome. An added feature of our data is that they provide a snapshot of the current state of how ETV is used in North America. Specifically, a review of patient characteristics reveals that the majority of patients chosen for ETV were generally expected to have a reasonably high chance of success, with little evidence of extending traditional indications. For example, infants under 1 year of age accounted for only 15.2% of the sample, and the ETVSS was ≥ 70 in 83% of the patients. These figures portray a relatively conservative approach in the use of ETV. While this approach represents an accurate picture of the current practice pattern for ETV in North America, it does not include the impact that the addition of CPC may bring. 4, 17, 23, 26, 27, 28 The addition of CPC could expand the patient base for ETV to include more infants (with lower ETVSS), but its role in North America needs further study. In the HCRN, we are currently enrolling infants in a prospective study of ETV+CPC to better define the indications for this procedure.
We recognize important limitations to our study in addition to those already mentioned. For example, patient selection and the determination of ETV failure and complications were decided entirely by the treating surgeon, without independent adjudication. The failure of ETV is often hard to define since ventricle size is known to remain large even in seemingly successful cases. 12, 21, 22 Although the impact of persistently enlarged ventricles on long-term outcome is still a point of debate, 11, 19, 25 the tolerance for larger ventricles does result in different standards for declaring treatment failure compared with shunt failure. Treating surgeons may also have a natural tendency to under-report complications. We tried to mitigate this factor by ensuring that trained research coordinators who were independent of the clinical team captured the data on complications. Regardless, independent review of outcomes would have strengthened our results. Another issue with our study is the limited sample size. Although we performed a rather large series, a further substantial increase in sample size would have ensured more accurate estimates of complications, especially those that are rare. We, therefore, acknowledge that further prospective data collection is necessary, and this will be continued by the HCRN.
Conclusions
Our reported experience represents the most detailed account of results of ETV in North America and provides the most accurate picture to date of ETV success and complications. Serious complications are uncommon. In addition to the ETVSS, visualization of a naked basilar artery was predictive of ETV success. Further prospective work is needed to address some of the limitations of our study and will be performed by the HCRN.
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